Abstract Rosai-Dorfman disease (RDD) or sinus histiocytosis with massive lymphadenopathy is a rare histiocytic proliferation that is generally considered to be reactive with a benign clinical course. The etiology of RDD is very poorly understood. Recent studies have shown frequent BRAF, NRAS, KRAS, and PIK3CA activating mutations in several histiocytic neoplasms highlighting the emerging importance of the RAF/MEK/ERK pathway in the pathogenesis of these diseases. Here we report a case of Rosai-Dorfman disease involving the submandibular salivary gland with a KRAS K117N missense mutation discovered by next-generation sequencing. These results suggest that at least a subset of RDD cases may be clonal processes. Further mutational studies on this rare histiocytic disease should be undertaken to better characterize its pathogenesis as well as open up potential avenues for therapy.
Introduction
Histiocytic disorders can broadly be divided into Langerhans cell histiocytoses (LCH) and the non-Langerhans cell histiocytoses. LCH are characterized by typical immunophenotypic (CD1a?/Langerin?/S100?) and ultrastructural findings (Birbeck granules) [1] . The non-LCH are a heterogeneous group of disorders that do not meet the phenotypic criteria for LCH. Juvenile xanthogranuloma (JXG) is the most common of the non-LCH [2] , which is a benign proliferative disorder of children typically characterized by the presence of ''Touton'' giant cells and a distinct immunophenotype (factor XIIIa ?/ CD68 ?/CD14 ?/CD1a-/S100-). The majority of the other non-LCH share the histopathological findings of JXG with the exception of Rosai-Dorfman disease (RDD) and multicentric reticulohistiocytosis [2] .
RDD or sinus histiocytosis with massive lymphadenopathy (SHML) is a rare histiocytic proliferation that is generally considered to be reactive with a benign clinical course [1, 3, 4] . It typically presents with bilateral cervical lymphadenopathy although extranodal presentations are common (40 % of cases) [1] . Effacement of tissue architecture with CD68?/S100? macrophages displaying emperipolesis is diagnostic. The etiology of RDD is very poorly understood. Recent studies have shown frequent BRAF V600E mutations in Langerhans cell histiocytosis (LCH) [5, 6] , Erdheim-Chester disease (ECD) [7] , histiocytic sarcoma [8] , and follicular dendritic cell sarcoma [8] . Further, NRAS, KRAS, and PIK3CA activating mutations have also been shown in ECD [6, 9] , highlighting the emerging importance of the RAF/MEK/ERK pathway in some histiocytic disorders.
Here we report a case of RDD involving the submandibular salivary gland with a KRAS K117N missense mutation discovered by next-generation sequencing.
Case Report
The patient is a 45-year-old Canadian man with a past medical history of diabetes mellitus who presented with a two-year history of bilateral neck swelling and fatigue. An excisional biopsy of the left submandibular salivary gland was performed and a diagnosis of RDD was rendered at the outside hospital. A CT scan showed extensive bilateral neck adenopathy as well as mild, diffuse prominence of tissues within the roof of the nasopharynx. Furthermore, imaging of the thorax showed left axillary and mediastinal lymphadenopathy. He subsequently presented to our institution (1 year after symptom onset) for consultation. Additional history revealed recent weight loss, night sweats, and fatigue. Physical exam showed bilateral palpable cervical lymphadenopathy but was otherwise unremarkable. Basic laboratory investigations including complete blood counts, electrolytes, renal and liver function tests and inflammatory markers (ESR and CRP) were unremarkable.
Microscopic examination of the submitted slides from the left submandibular gland showed effacement and infiltration of the normal lobular architecture of the salivary gland by a diffuse syncytial proliferation of voluminous histiocytic cells with foamy cytoplasm, and round vesicular nuclei with prominent nucleoli (Fig. 1a, b) . Frequent emperipolesis was seen (Fig. 1c) . Rare multinucleated ''Touton'' type giant cells were also seen (Fig. 1d ). There were also scattered lymphocytes, plasma cells, and eosinophils. No mitotic figures were seen. The uninvolved salivary gland was unremarkable. No subcapsular sinuses were identified in all sections of the nodule suggesting true extranodal involvement and not periglandular lymph node involvement.
Immunohistochemistry showed that the histiocytic cells were positive for S100, CD68, CD163, and factor XIIIa ( Fig. 1e-g ). They were negative for CD1a, langerin, CD30, cytokeratin, and calponin. The plasma cells were demonstrated to be polytypic for kappa and lambda light chains by in situ hybridization. In situ hybridization for Epstein Barr virus RNA was negative. These findings were diagnostic of RDD. Given the unusual finding of Touton-type giant cells and the occasional presence of factor XIII positive macrophages, other non-LCH were also considered in the differential diagnosis, including ECD. However, the clinical picture and imaging studies showed no evidence of bone lesions or other involvement suspicious for ECD. To further evaluate this patient, we performed a targeted next generation sequencing panel (Ion AmpliSeq TM Cancer Hotspot Panel v2, ThermoFisher Scientific). This revealed a KRAS K117N (COSM19940) missense variant. The tumor cellularity of the analyzed sample was approximately 60 %. The allele frequency of the KRAS mutation was 11 % (70/668 reads). The presence of this variant was confirmed upon repeat testing. No BRAF V600 mutation was identified.
After the diagnosis of asymptomatic RDD was established, the patient did not receive any treatment and was closely followed up. Serial clinical exams and imaging did not show additional findings up to 1 year after symptom onset.
Discussion
Extranodal RDD involvement most commonly involves anatomically sensitive regions of the head and neck areas, especially the orbit, nasal cavity, and paranasal sinuses [10, 11] . The major salivary glands are also a common site of involvement [10, 11] with about 15 cases of salivary gland RDD reported in the English literature thus far. Most of the reported cases showed parotid and submandibular gland involvement [10] [11] [12] [13] [14] [15] [16] . In addition, RDD may also involve the upper respiratory tract, thyroid, and central nervous system and rarely the gastrointestinal system [17] . Demonstration of potentially actionable mutational patterns on biopsy may create a role for targeted neoadjuvant therapies in the management of surgically challenging lesions.
Classical RDD is characterized by replacement of tissue architecture by histiocytes, lymphocytes, and plasma cells, which may simulate the appearance of lymph node sinuses. Emperipolesis is a classic finding in RDD, which distinguishes it from the other histiocytoses. RDD histiocytes express S100 in addition to histiocytic markers CD68 and CD163 and are negative for CD1a and factor XIIIa [17] . The presence of ''Touton'' giant cells and foamy Factor XIIIa-positive histiocytes in this case broadened the differential diagnosis to include other histiocytoses like ECD and JXG. However, the absence of sclerotic long bone disease on imaging studies and other typical clinical symptoms like bone pain essentially excluded this possibility [18] . The compelling clinical, morphological, and immunohistochemical findings favored a final diagnosis of RDD.
The presence of Touton giant cells and foamy histiocytes, albeit uncommon, has been previously observed in cutaneous RDD [19] . However, to the best of our knowledge, this feature has not been reported previously in an extracutaneous site. Morphological associations between LCH and non-LCH have been demonstrated in several case reports. Co-existence of RDD and LCH in the same patient and often in the same lesion is well documented in the literature [20] [21] [22] [23] . The co-occurrence of ECD and LCH has also been reported [24] . The common origin of macrophages and dendritic cells (DC) from a common macrophage-DC progenitor has been established in the literature [2] . It is tempting to think that there may be precursor cells capable of transdifferentiation and maturation towards either lineage in these lesions.
Historically, RDD is considered non-clonal and reactive [3, 4] . However, RDD lesions have been reported to undergo malignant transformation to histiocytic sarcoma [25, 26] and high-grade lymphoma [27] indicating their potential for genomic instability. In this case, we identified a low allele frequency KRAS variant consistent with a subclonal mutation. Given that a cancer hotspot panel was used for testing, it is possible that other mutations could be present which were not detectable with the assay used. The presence of low-level somatic mutations in various genes is becoming increasingly interpreted in some clinical contexts [28] [29] [30] to indicate the presence of an underlying clonal population in the tissue tested; however, the presence of such mutations and/or clonal populations is not necessarily diagnostic of malignancy and may be of uncertain prognostic significance. In each case, the molecular findings must be interpreted in the context of the other clinical and pathologic findings. Further study is required in order to improve our understanding in these areas, particularly in the context of the mutations being recently reported in the literature in a variety of histiocytic disorders.
Little is known about the molecular landscape in histiocytic tumors, possibly due the relative rarity of these lesions as well as their tendency to follow an indolent course. However, recent studies have highlighted the role of the RAS/RAF/ERK (MAPK) pathway in the pathogenesis of several histiocytic disorders, although few cases of RDD have been evaluated [5] [6] [7] [8] [9] 31] . The RAS/RAF/ERK (MAPK) pathway is involved in various cellular functions including cellular proliferation, differentiation, and migration; mutation of genes involved in this pathway has been implicated in oncogenesis [32] . The arrival of MEK and RAF inhibitors, such as Trametinib and Vemurafenib, has raised the possibility of new options for the treatment of these diseases [33] . Table 1 summarizes a literature review of gene mutations described in non-LCH, demonstrating the clear preponderance of kinase activating mutations involving the MAPK pathway. In particular, very recently, a study used whole-exome sequencing, RNA-seq, and targeted sequencing techniques to describe several recurrent gene mutations and fusions in LCH and non-LCH (including Touton'' type giant cells; the histiocytes were immunoreactive for e S100, f CD68, and g FXIIIa RDD) [34] . Interestingly, that study also found mean variant allele frequencies at levels similar to our study, including a KRAS G12D missense variant in RDD. These very recent findings, in addition to our own, challenge the historical notion that RDD is a purely non-clonal, reactive process [1, 3, 4] . This case is, to the best of our knowledge, the first report of a KRAS K117N missense variant in RDD. This variant has been previously reported in the COSMIC mutational database in other tumor types (colorectal cancer, esophageal adenocarcinoma, myelodysplastic syndrome) [35] [36] [37] . In vitro studies suggest this variant allele activates the RAS/RAF/ERK signaling cascade, leading to cell proliferation and vemurafenib resistance [38, 39] .
In summary, here we present a case of RDD involving the salivary gland harboring an activating KRAS mutation, suggesting that at least a subset of RDD cases may be clonal processes, which is also consistent with the findings from other recently published work by other authors [31] . Further mutational studies on this rare histiocytic disease should be undertaken to better characterize its pathogenesis as well as open up potential avenues for therapy. BRAF (p.V600E) [7] [8] [9] PIK3CA (p.E542K, p.E545K, p.A1046T, and p.H1047R) [7, 34] NRAS (p.G12D, p.Q61K, p.Q61R) [7, 34] KRAS (p.G12S) [34] MAP2K1 (p.K57E/N, p.Q56P, p.F68L, p.S123T/P, p.E144K, p.E51_Q58del, p.Q58_E62del, p.E102_I103del) [34] ARAF (p.S214A, p.A225 V, p.P539H) [34] BRAF fusions (RNF11-BRAF, CLIP2-BRAF) [34] KIF5B-ALK fusion [34] LMNA-NTRK fusion [34] Rosai-Dorfman disease (RDD) NRAS (p.Q61R) [34] KRAS (p.G12D) [34] SMAD4 (p.T521I) [40] MAP2K1 (p.V60M, p.D65M) [34] ARAF (p.N217K) [34] Juvenile xanthogranuloma (JXG) NRAS (p.Q61R) [34] KRAS (p.G12D) [34] MAP2K1 (p.T28I, p.L37P, p.E120Q, p.Y130C) [34] ARAF (p.N217K, p.F351L) [34] Histiocytic sarcoma BRAF (p.V600E) [8] PTEN deletion (deletion involving exon 7 (c.635-7_639del) [37] , exon 6-9 [41] 
